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germination and were among the best cultivars in inhibiting common lambsquarters and shepherd's-purse. 'Blaze' also greatly inhibited common lambsquarters germination in the infusion assay that measured allelopathy. Thus, 'Blaze' and 'Classic' possess suitable characteristics for use as a cover crop preceding peas.
O at has traditionally been used as a cover crop preceding pea. Oat cultivars have been developed for high grain yield, straw production, and disease resistance. While many of these attributes also contribute to making oat a good cover crop, other attributes that have not been studied-such as high biomass production and high concentration of allelopathic compounds in leaves-are more important for its use as a cover crop.
Oat has several characteristics that make it well suited as a fall planted, winter-killed cover crop in the midwestern United States. Oat is adapted to cool, moist weather and rich soils. Oat is frost tolerant, yet will winter-kill in the central midwestern U.S. (Sustainable Agriculture Network, 1998) . Oat does not interfere appreciably with pea, and when oat is intercropped with pea in forage mixes the productivity of the mixture is greater than either species grown alone (Carr et al., 1998; Chapko et al., 1991) . Oat also reduces pea root rot (Aphanomyces euteiches) (Purdue University, 1999; Willams-Woodsward et al., 1997) . In a fi eld study in Minnesota, a preceding oat crop increased pea yield by 48% on root rot infested soils compared with a control (Fritz et al., 1995) .
Oat, like all small grains, better retains residue over the winter than dicot cover crops (Stivers-Young, 1998).
Oat may, however, decompose faster than some other small grains. This effect is benefi cial for releasing nitrogen to the following crop but may limit the length of weed control from oat residues (Malpassi et al., 2000) . In an Oklahoma fi eld study, spring-planted oats produced less ground cover than rye (Secale cereale) and barley (Hordeum vulgare) (Nelson et al., 1991) . However, oat cultivars vary in height and straw production [National Small Grains Collection (NSGC), 2002] , and identifying oat cultivars with greater biomass production may overcome the problem of less ground cover than other small grains.
Allelochemical content of oats has been investigated since the 1950s (Martin, 1957; Martin and Rademacher, 1960) . The allelochemicals scopoletin, coumaric acid, L-tryptophan, p-hydroxybenzoic acid, and vanillic acid are exuded from oat roots (Kato-Noguchi et al., 1994a; Martin and Rademacher, 1960) . Mature oat leaf tissue contains coumaric, ferulic, phydroxybenzoic, syringic, and vanillic acids that are allelopathic (Guenzi and McCalla, 1966) . Young oat shoots contain L-tryptophan at a concentration of 12 mg·kg -1 (ppm) on a dry weight basis. This concentration was high enough to inhibit radical elongation by greater than 50% in cockscomb (Amaranthus caudatus), cress (Lepidium sativum), and lettuce (Lactuca sativum) but was not high enough to inhibit timothy (Phleum pratense), rice (Oryza sativa), wheat (Triticum aestivum), or oat by greater than 50% (Kato-Noguchi et al., 1994b) .
Cultivar differences in allelopathic compound production have been investigated for the root-exuded compound scopoletin (Fay and Duke, 1977) . In a sand polyculture, one oat cultivar, 'PI 255281', inhibited wild mustard (Brassica kaber var. pinnatifi da) growth more than a standard commercial cultivar. In soil, however, no differences were observed. Fay and Duke (1977) suggested that scopolein might be decomposed by soil organisms or bound by the soil.
Thus, oat cultivars vary in their ability to produce biomass and in their range and concentration of allelochemicals (Fay and Duke, 1977; NSGC, 2002) . It may be possible to identify oat cultivars that minimally affect pea growth but control important cool season weeds such as common
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lambsquarters and shepherd's-purse (Fay and Duke, 1977; Kato-Noguchi et al., 1994b) .
The objective of this study was to identify oat cultivars that produce a large biomass and suppress weeds without injuring pea. Three sets of studies were conducted to accomplish this objective. The fi eld study determined biomass production of fall-planted oats. The greenhouse study evaluated the ability of oat residues to suppress emergence of common lambsquarters and shepherd's-purse without affecting pea. The growth chamber study determined if oat infusions, which likely contained allelochemicals, suppressed common lambsquarters germination without affecting pea.
Materials and methods

FIELD STUDY.
Our objective was to determine the growth and biomass production of fall-planted oat cultivars. Other studies have correlated cover crop biomass production with weed suppression (Teasdale, 1993) . Nineteen commercially available oat cultivars ('Blaze', 'Brawn', 'Cayuse', 'Chaps', 'Classic', 'Dane', 'Drumlin', 'Gem', 'Ida', Jay', 'Jerry', 'Jim', 'Ogle', 'Prairie', 'Rodeo', 'Ruby', 'Sequi', 'Vista', and 'Wabasha') and two commercial barley cultivars 2 )] containing three rows spaced 20 cm (7.9 inches) apart. The plots were seeded by hand with the seeds planted at a depth of 2.5 cm (1 inch), at a seeding rate of approximately 100.9 kg·ha -1 (90 lb/ acre) for oats and 134.5 kg·ha -1 (120 lb/acre) for barley. No supplemental weed control was provided.
At the end of the fall growing season, when minimum daily temperatures dropped to approximately -7 °C (19.4 °F), the average height of the small grain was recorded and the shoots harvested by cutting at the soil surface. Harvest occurred on 5 Dec. 2002 (96 DAP) at Champaign and 16 Dec. 2003 (77 DAP) at Dixon Springs. Fresh weight of the shoots was determined in the fi eld. The shoots were oven-dried at 93 °C (199.4 °F) for 48 h and dry weight determined. This study allowed us to determine oat biomass production but did not determine suppression of common lambsquarters and shepherd's-purse.
GREENHOUSE STUDY. Two studies were conducted in the Plant Sciences Laboratory Greenhouses on the University of Illinois campus. The fi rst study confi rmed oat cultivar biomass production observed in the fi eld study. The second study quantifi ed the effects of oat cultivar residues on emergence and growth of common lambsquarters, shepherd's-purse, and pea.
In the fi rst study, 24 oat cultivars consisting of the same 19 oat cultivars from the fi eld study plus fi ve additional oat cultivars ('53-6', 'C.I.V. 350', 'Lokhovsky', 'Minnesota 12008', and 'Red Algerian') from NSGC (NSGC, 2002) were used (Table 1) . Five barley cultivars were also included, the 
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two barley cultivars used in the fi eld experiment plus three additional barley cultivars-'661A', '674F', and 'Ciho 6440'-from NSGC. These additional oat and barley cultivars were selected by searching the NSGC database for oat cultivars with high straw production and barley cultivars with tall growth habit (barley straw production is not characterized in the NSGC database) that were not already included in our study. Oat and barley were planted at 100.9 kg·ha -1 seed (12 seeds oat or 11 seed barley per pot) into 20-cm-diameter pots fi lled with an 1:1 mixture of Drummer silty-clay-loam soil to coarse sand.
The experiment was a randomized complete-block design with fi ve replications. When the fi rst cultivar began to bolt, the oats were harvested and the number of shoots, the height from the soil to the tip of the tallest shoot, and the fresh weight of the shoots were determined. Shoots were oven dried at 93 °C for 48 h and dry weight determined.
The second greenhouse study evaluated the effect of fi eld-grown residue from 19 commercially available oat cultivars and one barley cultivar ('Spring') on the germination and growth of 'Mega' pea (Territorial Seed Co., Cottage Grove, Ore.), common lambsquarters, and shepherd's-purse. Common lambsquarters and shepherd's-purse were chosen because they were the most common cool season weeds at both fi eld sites. Common lambsquarters and shepherd's-purse seeds were purchased from Valley Seed Service (Fresno, Calif).
Pots of pea, common lambsquarters, and shepherd's-purse were independently randomized, physically separate, and analyzed separately. There were three repeats, each arranged in a randomized complete-block design with four replications. Repeats for pea were conducted from 9 Jan. to 11 Feb. (33 d) Six pea seeds were planted 1.5 cm (0.59 inch) deep into 18-cell fl ats; each cell was fi lled with 300 cm 3 (18.3 inch 3 ) of an 1:1 mixture of Drummer silty-clay-loam soil and coarse sand to 1 cm below the rim. With common lambsquarters and shepherd's-purse, approximately 50 seeds of the appropriate species were applied to the soil surface of 32-cell fl ats; each cell was fi lled with 180 cm 3 (11.0 inch 3 ) soil mix to 1 cm below the rim. Fifty seeds were approximated by 21.6 mg common lambsquarters seeds and by 5.0 mg shepherd's-purse seeds. These weights were the average of seven lots of 50 randomly selected seeds.
After seeding the three test species, cover crop residue was applied to the soil surface at a dry weight rate corresponding to 4000 kg·ha -1 (3569 lb/acre), covering the weed seeds. The study used fall-harvested residue from the fi eld study that had been oven dried at 93 °C for 48 h. Residue from all replications and both locations was combined and hand mixed. Methodology was similar to that used by Teasdale (1993) . A bare-soil control was included for comparison.
When the experiment was terminated, the number of pea seedlings, pea shoot fresh weight, and the height of the tallest pea shoot in each cell were determined. Shoots were oven dried at 93 °C for 48 h and dry weight was determined. For common lambsquarters and shepherd's-purse, emerged weed seedlings were counted and fresh weight of the weed seedlings was determined. Because the shoots were small, dry weight was not determined. This study provided an indication of the ability of oat residues to suppress common lambsquarters and shepherd's-purse but did not indicate the mechanism of this suppression.
INFUSION BIOASSAY. A study was conducted to evaluate the effects of infusions made from the residues of the 24 oat cultivars grown in the greenhouse on the germination of pea (cv. Mega) and common lambsquarters. Shepherd's-purse did not germinate well in the infusion experiment, so it was not included. Based on previous studies, this infusion was assumed to contain water-soluble allelochemicals and allowed us to separate physical or environmental effects of the cover crop residues from allelochemical effects (Guenzi and McCalla, 1966; KatoNogchi et al., 1994a KatoNogchi et al., , 1994b .
Infusions were made with 7.2 g (0.254 oz) of residue from each oat cultivar; this was the maximum amount of residue that could be covered by 100 mL (3.38 fl oz) water. The residues were placed in 100-mL deionized water for 5 h in a dark growth chamber at 30 °C (86.0 °F). The infusion was separated from the residue by passing the liquid twice through a screen with 1-cm 2 (0.16 inch 2 ) openings. The control was deionized water with no oat infusion. The treatment (oat cultivar) was arranged in a completely randomized design with fi ve replications. The study was repeated.
Twenty pea seeds were placed with 20 mL (0.68 fl oz) oat infusion in 100-mL glass jars with plastic caps. For 5 h while the pea imbibed the infusion, the jars were placed in a dark growth chamber maintained at 30 °C. Then the infusion was drained, the seeds were rinsed with deionized water, and the jars with the pea seeds were returned to the growth chamber. Every 24 h, the jars were removed from the growth chamber and deionized water added to maintain moisture of the peas. For this portion of the incubation, the dark growth chamber had temperatures alternating between 25 and 30 °C every 12 h. At 48 and 96 h, the numbers of germinated seeds were determined.
To determine the effect of oat infusions on common lambsquarters we used a procedure modifi ed from Kato-Noguchi et al. (1994a) and Haugland and Brandsaeter (1996) . Fifty seeds of common lambsquarters were placed upon accordion-folded three-layer brown-paper towel [8 × 12 cm (3.1 × 4.7 inches)] in 9-cm-square (3.5 inches) petri dishes and 7 mL (0.24 fl oz) of the previously described infusion was added. The petri dishes were enclosed in polyethylene bags and placed in the growth chamber with a 12-h light/dark cycle. The day/night temperatures were 30/25 °C. At 2, 4, and 9 d after initiation, the petri dishes were opened and germinated seedlings were counted and removed. The paper towels were remoistened at 2 and 4 d with 7 mL of infusion.
In all the studies, data were analyzed using SAS (SAS Institute, 2000) . Analysis of variance was conducted using the MIXED procedure. When necessary, data were transformed so that the residuals were normal by the Shapiro-Wilks test (P ≥ 0.005, fail to reject H o = residuals are normal) in the UNIVARIATE procedure. Means were separated using Fishers protected least signifi cant difference at the 0.05 level.
Results and discussion
In the fi eld study, the location × cultivar interaction was insignifi cant (P = 0.7035). The main effects of location (P < 0.0001) and cultivar (P = 0.0003) were signifi cant. Fewer residues were produced at Dixon Springs compared with Champaign, possibly due to a later planting and thus a shorter growing season at Dixon Springs. Averaged over location, the highest biomass yielding oat cultivars were 'Sequi', 'Blaze', 'Rodeo', 'Vista', 'Jim', and 'Chaps' ( Table  1 ). The two barley cultivars, 'UC-603' and 'Spring', yielded less than 'Sequi' but similar to 'Blaze', the second-highest yielding oat cultivar.
In the greenhouse, the effect of cultivar was signifi cant (P < 0.0001) on oat shoot biomass. The highest yielding cultivar was once again 'Sequi' (Table 1) . The cultivars Jerry and Classic had similar biomass as 'Sequi'. These cultivars were among the lower third in biomass production in the fi eld. Different growing conditions in the greenhouse and the fi eld may have contributed to different results in the two studies.
In the second greenhouse study, the residues from the cover crop cultivars did not affect pea emergence rate (P = 0.1575), height (P = 0.5962), or dry weight (P = 0.6605). Therefore, the presence or absence of oat or barley residue did not infl uence the emergence and growth of pea. This suggests that oat cover crops may not signifi cantly harm pea in the fi eld.
The oat cultivar main effect infl uenced common lambsquarters emergence (P = 0.0012) but not fresh weight (P = 0.7533). Common lambsquarters emergence in the bare soil control was greater than in the cover crop treatments (maximum 48% of control, Table  2 ). Common lambsquarters emergence was greater in residues of the oat cultivar 'Blaze' than in residues of 'Ruby' and 'Vista'; emergence in residues of other cultivars did not differ among each other. Common lambsquarters seedlings had great variability in size from pot-to-pot between replications, which obscured treatment effects.
Common lambsquarters suppression by oat and barley residue in our experiment was similar to common lambsquarters suppression by hairy vetch (Vicia villosa) in a fi eld study in New York and Maryland (Teasdale, 1996) . Hairy vetch at 3200 kg·ha -1 (2855 lb/acre) reduced common lambsquarters emergence by 66%. In this experiment, oat and barley residues at 4000 kg·ha -1 reduced common lambsquarters emergence by 52% to 74%.
Oat cultivars affected shepherd'spurse emergence (P < 0.0001) and fresh weight (P < 0.0001). Oat residue suppressed emergence to less than 24% and fresh weight to less than 17% of the control (Table 2 ). The oat cultivars 'Brawn', 'Classic', 'Dane', 'Drumlin', 'Gem', 'Ida', 'Ogle', 'Prairie', 'Ruby', 'Wabasha', and 'Rodeo' and the barley cultivar 'Spring' were the best at suppressing shepherd's-purse emergence and fresh weight.
In the oat infusion study, the oat cultivar infl uenced germination of pea (P = 0.0024) and common lambsquarters (P = 0.0117). Pea germination in deionized water was similar to germination in infusions from 'Blaze', 'Chaps', 'C.I.V. 350', 'Dane', 'Lokhovsky', 'Prairie', 'Red Algerian', and 'Vista' (Table 2) . Infusions from other culti-
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vars inhibited pea germination, probably due to the presence of allelochemicals. For common lambsquarters, the cultivars Ida, Vista, Wabasha, Cayuse, and 53-6 suppressed germination less than the most suppressive cultivar, 'Rudy' (Table 2) . 'Ida', 'Vista', 'Wabasha', and 'Cayuse' did not suppress common lambsquarters germination compared with deionized water.
The optimal oat cultivar for use in a pea production system should suppress weeds while minimally affecting pea. Because higher residue levels of other cover crops have been strongly correlated with better weed control (Teasdale, 1996) , the best oat cultivars are likely to be those producing the greatest biomass (e.g. 'Sequi', 'Blaze', 'Rodeo', 'Jim', 'Vista', 'Chaps', 'Jerry', and 'Classic'). Of these cultivars, 'Sequi' was the only one to produce high residues in both the fi eld and the greenhouse. However, 'Sequi', 'Rodeo', and 'Jim' did not suppress common lambsquarters and shepherd's-purse in the greenhouse. 'Vista' was inconsistent in suppressing these weeds, and 'Chaps' and 'Jerry' inhibited pea germination in the infusion assay.
One additional oat cultivar, 'Dane', deserves further investigation. 'Dane' was among the best cultivars for inhibiting common lambsquarters and shepherd's-purse and did not injure pea. Unfortunately, 'Dane' produced among the least residue in the fi eld and greenhouse. Under different growing conditions, 'Dane' may produce more residues.
Overall, 'Blaze' and 'Classic' were the most promising oat cover crop cultivars. 'Blaze' suppressed weeds well in the infusion experiments and did not inhibit pea. 'Classic', while producing high residue in the greenhouse and not in the fi eld, was consistently among the best cultivars in inhibiting weeds.
Different responses were observed in the emergence of pea and common lambsquarters plants in the greenhouse residue study compared to their seed germination in the infusion studies. For pea, the residues did not affect emergence in the greenhouse study, but germination was affected in the infusion study. Soil, present in the greenhouse study, may have bound the allelochemicals making them unavailable to inhibit peas (Fay and Duke, 1977) . In addition, the residues for the greenhouse study were grown in the fi eld and the residues for the infusion study were grown in the greenhouse. This may have affected allelochemical content. In the greenhouse, the glass blocks ultraviolet light, which may be required for the production of some allelochemicals (Putnam, 1985) .
While these experiments did not attempt to isolate and quantify allelochemicals, they did show differences in oat cultivar allelopathic potential similar to those observed in previous research with oats (Fay and Duke, 1977) and rye (Wahle, 1996) . Our results demonstrated that some oat cultivars-for example, 'Blaze' and 'Classic'-could be good at suppressing weeds while not inhibiting pea. Two allelochemicals found in oat, scopoletin and L-tryptophan, have been shown to selectively affect different species (Fay and Duke, 1977; Kato-Noguchi et al., 1994b) . This could be an explanation for the differential response of common lambsquarters and peas. Further research is needed to characterize the reason for this selectivity.
